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o�B4C�Si multilayer-coated photodiode with
olarization sensitivity at an extreme-ultraviolet
avelength of 13.5 nm

enjawan Kjornrattanawanich, Saša Bajt, and John F. Seely

A silicon photodiode coated with an interface-engineered Mo�Si multilayer was developed as a polariza-
tion sensitive detector. The Mo�B4C�Si multilayer was designed to reflect 13.5-nm extreme-ultraviolet
�EUV� radiation at an incident angle of 45°, at which the maximum polarization sensitivity occurs. The
sensitivity of this specially coated photodiode and its polarization responses were determined by mea-
surement of the reflectance and transmittance of the multilayer coating with synchrotron radiation.
The Mo�B4C�Si multilayer was found to reflect 69.9% of the s-polarized radiation and only 2.4% of the
p-polarized radiation, thus transmitting approximately 0.2% s-polarized radiation and 8.4% p-polarized
radiation at a 13.5-nm wavelength and a 45° angle of incidence. A polarization ratio, �Tp � Ts���Tp �
Ts�, of 95% was achieved with sufficiently high sensitivity from this photodiode. This result demon-
strates the high polarization sensitivity and the usefulness of multilayer-coated photodiodes as novel
EUV polarimeters. © 2004 Optical Society of America

OCIS codes: 230.5440, 230.4170, 230.5170, 260.5430, 260.7200.
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. Introduction

ilicon photodiodes are semiconductor radiation sen-
ors that have been used widely as x-ray and
xtreme-ultraviolet �EUV� detectors. Applications
f these detectors include solar study, EUV lithogra-
hy, x-ray microscopy, and plasma physics. Besides
igh responsivity and good radiation hardness, many
xperiments require detectors with high polarization
nd wavelength selectivity. An accurate determina-
ion of the state of polarization is desirable for the
tudy of polarized radiation from solar and astro-
hysical plasmas, which are intense sources of EUV
adiation. This study will potentially lead to a bet-
er understanding of the magnetic field formation,
article acceleration process, and heating mechanism
f the solar corona and flares.1,2

Multilayer coatings have been demonstrated to be
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ffective reflectors for EUV radiation. The ability to
eflect narrow spectral bandpasses at near-normal
ncidence has made multilayers the coatings of choice
or focusing optics employed in present solar tele-
copes, such as the Extreme Ultraviolet Telescope3

nd the Transition Region and Coronal Explorer,4 as
ell as in future solar spectrometers, such as the
olar-Extreme Ultraviolet Imaging Spectrometer.5
n addition to providing high normal-incidence reflec-
ance, the peak wavelength ��� of a multilayer is tun-
ble with its period thickness �d� and with the
ncident angle of radiation ��� in accordance with the
ragg condition � � 2d cos � �ignoring the refraction
orrection�. To be used as a polarizer, the multilayer
eriod thickness can be chosen so that its reflected
eak wavelength occurs near the Brewster angle.
he Brewster angle is defined as the incident angle at
hich the reflected beam from each interface be-

omes linearly polarized; that is, when the intensity
f the reflected rays with the electric field vector par-
llel to the plane of incidence reaches its minimum
or absorbing material or becomes zero for nonabsorb-
ng material. Once reflectance optimized around its
rewster angle, a multilayer would strongly reflect

he s-polarized component, as well as transmit the
-polarized component, within the restricted wave
and established by the multilayer coating. An op-
ical system that is equipped with a monolithic trans-
ittance polarizer and an integrated detector
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rovides simple alignment and therefore is more com-
act and preferable in all applications to a system
quipped with a reflectance polarizer and a separate
etector. Successful fabrications of freestanding
ultilayers for use as transmittance polarizers and

eam splitters have been demonstrated by several
echniques similar to those used in microelectronic
abrications.6–8 However, such processes are some-
hat complicated and require good knowledge about
thin film’s chemical, optical, and, most important,
echanical properties. High intrinsic stress �com-

ressive or tensile� in multilayer films, for example,
an cause wrinkles and eventually break the nor-
ally thin and delicate film substrates.
A novel feature of our device is the deposition of the
ultilayer coating directly onto a photodiode sub-

trate. In this way, not only can the photodiode be
sed as polarization sensitive detector, but a com-
lete characterization of reflectance, transmittance,
nd absorptance of a multilayer can be performed
imultaneously without the need of a fragile free-
tanding sample. The gain in transmittance polar-
zation can be increased by increasing the number of
he multilayer periods. However, this benefit may
e offset by an undesired increase in absorption
hrough the whole stack of the multilayer and a re-
ulting decrease in the signal from the underlying
hotodiode.
In the present study silicon photodiode detectors
ith multilayer interference coatings that provide
olarization and wavelength selectivity at a wave-
ength of 13.5 nm are developed. Commercially
vailable silicon photodiodes �AXUV-100G; from In-
ernational Radiation Detector Incorporated� with a
0 mm � 10 mm active area were used because they
re known to provide high quantum efficiencies in
his wavelength region.9 Briefly, the silicon p–n
unction was formed between an epitaxially grown
-type region and an n-type defect-free region. An
pproximately 3–12-nm-thick SiO2 layer was grown
s a protective layer at the top. Owing to extensive
tudies of Mo�Si multilayers and their exceptionally
igh reflectance at a wavelength of 13.5 nm, a Mo�Si
ultilayer was selected as a coating for these diodes.
he multilayers were optimized near the Brewster
ngle to obtain the highest transmittance polariza-
ion selectivity at 13.5 nm. The device’s operating
avelength region can be shifted by selection of a
ifferent multilayer coating and optimization of the
eflectance and transmittance properties at the de-
ired wavelength.

. Multilayer Fabrication

typical multilayer mirror consists of a periodic
tack of two alternating layers with different refrac-
ive indices. Because silicon is known to have rela-
ively low absorption at wavelengths longer than the
i L absorption edge at 12.4 nm, it therefore has good
ptical contrast with molybdenum, resulting in high
eflectance at a wavelength of 	13.5 nm. Neverthe-
ess, a major source of imperfection that reduces the
eflectance of Mo�Si multilayers is silicide formation
t the interfaces between molybdenum and silicon
ayers. A low absorbing layer �boron carbide� was
ntroduced as a barrier layer against silicide forma-
ion, and a reflectance as high as 70% at 13.5 nm was
eported from the so-called interface-engineered
o�Si multilayer.10 Because the silicide layer is
uch thicker at the Mo-on-Si interface than at the
i-on-Mo interface and because only a small reflec-
ance improvement was found when these barrier
ayers were deposited at all the interfaces, approxi-

ately 0.4-nm-thick boron carbide barrier layers
ere deposited only at the Mo-on-Si interfaces for all

he multilayers in this study. An improved interfa-
ial structure can be seen from the cross-sectional
ransmission electron microscopy image of a Mo�
4C�Si multilayer that has relatively sharp, smooth

nterfaces with no sign of a transition region due to
ilicide formation at the Mo-on-Si interfaces �Fig. 1�.
The multilayer coatings were fabricated with a dc-
agnetron sputtering system at the Lawrence Liv-

rmore National Laboratory. An ultrahigh purity
rgon gas was used as a process gas with a process
ressure of 1 mTorr. The base pressure of 2 � 10�7

orr was normally achieved before deposition. The
hotodiode substrates were held facedown and spun
n a platter, which rotated over the sputtering
ources. The deposited thickness was computer con-
rolled by variation of the rotational velocity of the
latter.
During multilayer deposition, a mask with an

-mm-round aperture covered the 10-mm-square ac-
ive area of the photodiode. In addition, the perim-

ig. 1. Transmission electron microscopy cross-sectional image of
Mo�B4C�Si multilayer. Molybdenum has a higher atomic num-
er �Z � 42� and therefore appears darker as it scatters more
lectrons than does silicon �Z � 14�. The transition layers that
re due to silicide formation and that are normally observed at
nterfaces of Mo�Si multilayer �especially at the Mo-on-Si inter-
aces, which are thicker than the Si-on-Mo interfaces� can no
onger be observed after the deposition of thin B4C barrier layers
t all Mo-on-Si interfaces.
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1083
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ter of the active area was covered by a thin bead of
onconducting epoxy, which prevented the deposition
aterial from coating the edge of the active area and

dversely affecting the performance of the photo-
iode. These techniques were previously developed
uring the coating of photodiodes for the purpose of
etermining the optical properties of the coating.11

For operation in the EUV region, the refractive
ndices of both molybdenum and silicon approach
nity, and the Brewster angle was estimated to be
5°. The period thickness of the Mo�B4C�Si multi-
ayer was chosen to be 9.9 nm, with a ratio of molyb-
enum thickness to period thickness of 0.33 and 50
otal periods. With this optimized coating, the
-polarized radiation reflected from all interfaces
ould constructively interfere at an incident angle of
5° and at an incident wavelength of 13.5 nm, and the
-polarized radiation would selectively transmit
hrough the coating and generate a signal in the un-
erlying photodiode. Molybdenum was coated as
he first layer in the multilayer stack. An additional
ilicon layer of the same thickness as those within the
ultilayer was coated as a capping layer because

ilicon-capped multilayers are known to be very sta-
le when exposed to EUV light.12,13 The same mul-
ilayer coating was applied on a flat silicon wafer
ubstrate and served as a witness coating. The mul-
ilayer period thickness of the witness sample was
easured with a Cu K
 x-ray diffractometer and was

etermined to be 9.88 nm.

. Polarization

. Incident Radiation

he performance of the Mo�B4C�Si multilayer-coated
hotodiode was determined by use of the Naval Re-
earch Laboratory’s reflectometer at the National
ynchrotron Light Source beamline X24C at the
rookhaven National Laboratory. This beamline
ses a monochromator composed of a gold-coated mir-
or and a 600-line�mm diffraction grating that pro-
ides dispersed radiation in the spectral range of
.8–110 nm �465–11 eV�. The incident radiation ob-
ained from the monochromator is polarized with the
lectric-field vector primarily in the plane of the syn-
hrotron ring �in the horizontal direction�. The de-
ree of polarization of the incident radiation is
efined as


 � �IH � IV���IH � IV�, (1)

here IH and IV are the intensities with the electric
eld vectors in the horizontal and vertical directions,
espectively. The value of 
 can vary between �1
or IV � 0 and �1 for IH � 0. A previous study of the
eflectance of a gold-coated flat mirror at an incident
ngle of 45° determined that the polarization 
 is
pproximately 0.83 �83%� for an incident wavelength
f 20–22 nm at this beamline.14 Following the work
ited in Ref. 14, the two grazing incidence mirrors
ssociated with beamline X24C were replaced, and
he polarization of the radiation propagating to the
084 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
eflectometer was measured during the present work
y use of a similar method. The measured RV and
H �see definitions in Section 3.B� of the gold-coated
irror are shown in Fig. 2. Because the gold coating
as thick �much larger than the incident wavelength�
nd no substrate-interference effect was observed in
he reflectance spectra, the reflectance from the gold�
ubstrate interface was ignored in the fitting proce-
ure. The fitted RV and RH values were calculated
ith the Fresnel formulas and with two fitting pa-

ameters: the degree of polarization of an incident
adiation �
� and the surface roughness of the gold
irror ���. The determined value of 
 was 0.89, and

he � value was 3.5 nm. The fitted value for the
oughness was in good agreement with the values
etermined with atomic force microscopy on different
amples. This is, indeed, a preferred method of de-
ermining the polarization of the incident radiation
ompared with the previously used method,14 where
n assumption that RP �� RS at an incident angle of
5° is inaccurate for gold in the wavelength region of
ur interest.

. Reflected and Transmitted Radiation

or a standard reflectometer setup at beamline
24C, the rotational axis of the sample–detector is in

he vertical direction. The electric field vector of the
ncident radiation beam is primarily horizontal �and
arallel to the plane of incidence�, and the incident
adiation is primarily p-polarized �see Fig. 3�. The
eflectance and transmittance of a multilayer can be
easured versus the wavelength for different angles

f incidence. The measurements for the case of pri-
arily s-polarized radiation were achieved by rota-

ion of the reflectometer 90° about the axis of the
ncident beam so the incident radiation was primarily
-polarized with the electric field vector perpendicu-
ar to the plane of incidence. In this orientation the
otational axis of the sample–detector is in the hor-
zontal direction �and is normal to the incident beam�.

In each reflectometer orientation the reflectance is
qual to the ratio of the reflected intensity and the
irect beam intensity �both were measured with the
ame reference photodiode�. The measured reflec-
ance in the vertical �RV� and the horizontal �RH�
rientations can be expressed as

RV � �RP IH � RS IV���IH � IV�, (2)

RH � �RS IH � RP IV���IH � IV�, (3)

here RP are RS are reflectances for 100%
-polarized and s-polarized incident radiation, re-
pectively. RP and RS may be rewritten in terms of
he measured RV, RH, and 
 as

RP � 
RV�1 � 
� � RH�1 � 
���2
, (4)

R � 
R �1 � 
� � R �1 � 
���2
. (5)
S H V
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he reflectance polarization of a multilayer coating is
efined as

PR � �RS � RP���RS � RP�

� �RH � RV��

�RH � RV��. (6)

Similar expressions can be obtained for the trans-
ittance polarization, PT, which is defined as

PT � �TS � TP���TS � TP�

� �TH � TV��

�TH � TV��. (7)

The transmittance T is defined as the ratio of the
ransmitted intensity and the direct beam intensity.
V and TH are measured transmittances with the
eflectometer oriented in vertical and horizontal di-
ections, respectively. It should be noted that the
ransmitted intensity was measured by the underly-
ng photodiode substrate, whereas the direct beam
ntensity was measured by the reference photodiode.
here was a small difference between the responses
f the two diodes, both measured before the multi-
ayer depositions. This was taken into account
hen calculating the absolute transmittance value
ecause the ratio between the responses of the two
iodes throughout the whole measurement range is
eeded to normalize out such an effect. According to
he polarization expressions, the transmittance po-
arization is negative if the p-polarized component is
igher than the s-polarized component. Here the

ig. 2. Theoretical fits to the measured reflectances of the gold-c
f 12–24 nm. The reflectometer is aligned vertically and horizon
ign only represents a convention and is not a funda-
ental property.

. Results and Discussion

he reflectance and transmittance of a Mo�B4C�Si
ultilayer-coated photodiode were measured in the

2–24-nm wavelength region with the reflectometer
ligned in the vertical �for RV and TV� and horizontal
for RH and TH� orientations, where incident radia-
ion is mainly p-polarized and s-polarized, respec-
ively. A freestanding silicon filter was used to
uppress a small amount of residual higher-harmonic
adiation from the monochromator. The wave-
ength scale was calibrated based on the silicon L3
ttenuation edge at a wavelength of 12.434 nm to an
ccuracy of 0.002 nm.15 The angular motions of the
ample and the detector were computer controlled to
ell within �0.1° of accuracy. There was no ob-

erved difference between the reflectance results ob-
ained from the witness sample and the silicon
hotodiode, implying that the surface roughness of
he silicon wafer substrate was approximately the
ame as that of the silicon photodiode. Therefore
nly the results obtained from the photodiode are
resented from here on.
The reflectances RS and RP of the Mo�B4C�Si mul-

ilayer were calculated based on Eqs. �4� and �5�, with
known 
 value of 0.89 and the measured RV and RH
alues. Similar calculations were performed for all
ransmittance signals. As shown in Fig. 4, the peak
-polarized reflectances �R � were 69.9% at 13.527

mirror at an incident angle of 45° and in the wavelength region
for the measurements of RV and RH, respectively.
oated
S

10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1085
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ig. 3. �a� Layout of the reflectometer setup at the National Synchrotron Light Source beamline X24C for primarily p-polarized incident
adiation, with the rotational axis of the sample–detector aligned in the vertical direction and the electric field vector parallel to the plane
f incidence. �b� Cylindrical vacuum chamber rotated 90° about the incident beam axis so that the incident radiation is primarily
-polarized with the electric field normal to the plane of incidence. The reflectance and transmittance measurement can be performed at
ear-grazing to near-normal incident angles with the sample–detector rotated in the �–2� configuration.
ig. 4. Theoretical fits to the measured s-polarized reflectances of the Mo�B4C�Si multilayer �after taking into account the polarization
f the incident beam� at angles of 5°, 30°, and 45° from normal incidence.
086 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
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m, 59.5% at 16.277 nm, and 45.3% at 18.638 nm at
5°, 30°, and 5° from normal incidence, respectively.
he structural parameters of the multilayer were de-

ermined by simultaneously fitting the s-polarized
eflectance curves at the three incident angles. The
est fits to these reflectance curves showed that the

ig. 5. Comparison of the measured s-polarized and p-polarized
nd 45°.

ig. 6. Comparison of the measured s-polarized and p-polarized tr
nd 45°.
o�B4C�Si multilayer had a 9.92-nm period thick-
ess, with silicon, molybdenum, and boron carbide
hicknesses of 6.38, 3.14, and 0.4 nm, respectively.
n the fitting process approximately 2.5 nm of the last
ilicon layer was allowed to form a more stable com-
ound of silicon dioxide, and the roughnesses of the

tances of the Mo�B4C�Si multilayer at incident angles of 5°, 30°,

ittances of the Mo�B4C�Si multilayer at incident angles of 5°, 30°,
reflec
ansm
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1087
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urface and all interfaces were assumed to be equal
nd were determined to be 	0.5 nm. The above
tted values were, in fact, very similar to the de-
igned values.
RS and RP at three incident angles are compared in

ig. 5. It can be seen that RS and RP were almost

ig. 7. Inferred values of the s-polarized and p-polarized absorp
ultilayer at incident angles of 5°, 30°, and 45°.

ig. 8. Polarization performance of the Mo�B4C�Si multilayer thr
t a 45° Brewster angle.
088 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
qual at near-normal incidence �5°�. As the angle
ncreased toward 45°, RS increased while RP de-
reased. The maximum separation between the two
omponents occurred near 45°, where RS was 69.9%
t 13.527 nm and RP was 2.4% at 13.361 nm. TS and
P at three incident angles are compared in Fig. 6,

based on the reflectances and transmittances of the Mo�B4C�Si

reflectance and transmittance measurements that are optimized
tance
ough
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here TS was very low �0.2%� in the 13.5-nm wave-
ength region at a 45° angle of incidence. Hence, the
ighest RS value at an incident angle of 45° resulted

n the lowest TS value of 0.2%, and the lowest RP
alue resulted in the highest TP value of 8.4%.
ased on the measured reflectance and transmit-

ance information in each polarization, the ab-
orptance was defined as AS � �1 � RS � TS� and
P � �1 � RP � TP�, and the inferred values were
lotted in Fig. 7. It can be seen that the enhance-
ent of polarization near the Brewster angle was

bserved not only in the reflectance but also in the
ransmittance and absorptance spectra. This is a
nique feature of the multilayer polarizer device. In
ddition, the maximum polarization occurred when
he s-polarized component reached its minimum in
ransmittance and absorptance; this convention was
pposite in reflectance. For these reasons, reflec-
ance was the primary term for understanding the
olarization performance: high s-polarized reflec-
ance results in low s-polarized transmittance and
bsorptance and vice versa.
The polarization performance of the Mo�B4C�Si
ultilayer obtained through reflectance and transmit-

ance measurements �45°� is plotted in Fig. 8. A win-
ow of operation of approximately 0.75 nm wide �from
he wavelength region of 13–13.7 nm� represented the
egion where the reflectance signal was sufficiently
igh for detection by the reference photodiode detector
nd where the transmittance signal was measurable
y the underlying photodiode detector. The polariza-
ion of �0.95 was achieved with a Mo�B4C�Si multi-
ayer in transmittance, and a value of as high as 0.999
ould also be achieved in reflectance. The change in
ign of the transmittance polarization �PT� from nega-
ive to positive was simply due to the TS value’s being
igher than TP in some wavelength region.
As seen in Fig. 8, the multilayer-coated photodiode

evice can function as a polarimeter in the traditional
eflection manner over a broad wavelength range.
n this case the polarimeter is composed of a reflector
t 45° and a separate detector. In the transmission
ode of operation, the multilayer-coated photodiode

unctions best as a polarimeter over a narrower wave-
ength range and can be used to study a spectral line
r a group of closely spaced spectral lines. The ben-
fit of transmission operation is that the device is
onolithic, with integrated coating and detector fea-

ures, and that the optical properties of the coating in
ransmission are less susceptible to surface contam-
nation and oxidation that can significantly affect the
raditional reflection mode of operation.

. Conclusions

e have developed an EUV polarization sensitive
etector using a Mo�B4C�Si multilayer as the polar-
zer. Because the multilayer was coated directly
nto the photodiode substrate, its reflectance and
ransmittance could be measured simultaneously
ithout the need of fragile freestanding samples.

nstead of a standard Mo�Si multilayer, additional
C layers were introduced as barrier layers against
4
ilicide formation and were applied at all Mo-on-Si
nterfaces to improve the reflectance performance of
he multilayer. The Mo�B4C�Si multilayer was re-
ectance optimized near the Brewster angle, and it
as found to function well as both reflectance and

ransmittance polarizers. The maximum polariza-
ions obtained from transmittance and reflectance of
he Mo�B4C�Si multilayer at a wavelength of approx-
mately 13.5 nm and at an incident angle of 45° were
s high as 95% and 99.9%, respectively. This result
emonstrates the high polarization sensitivity and
he usefulness of multilayer-coated photodiodes as
UV polarimeters.
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